We demonstrate that leaky modes can be observed in asymmetrical photonic crystal slabs on low-index and high-index substrates. The reflective spectra are studied using the scattering-matrix method, and bands of the leaky modes are obtained via the surface-coupling technique. Caused by the lack of the vertical translational symmetry, the transverse electric (TE)-polarized incidence is reflected into light containing a transverse magnetic (TM) component when the incident plane does not possess mirror symmetry, although the conversion efficiency is weak. This phenomenon, i.e. polarization conversion, is studied in detail.
Introduction
Photonic crystals (PhCs) have attracted much attention due to their capacity to control light [1] , which has led to proposals for many novel devices. Although a full band gap for incidences with arbitrary polarizations exists only in three-dimensional (3D) PhCs [2, 3] , the requirements of connectivity and alignment make fabricating 3D PhCs working in the infrared and optical regimes a difficult process. Therefore, a photonic crystal slab (PhCS) [4] , as an alternative system, is proposed due to its easier fabrication and many potential applications in photonic integrated circuits and optoelectronics.
However, the lack of translational symmetry in the vertical direction of PhCSs introduces vertical wavevectors into the field components, and thus produces continuum modes of the structure. Furthermore, there are two other modes that exist in the structure. (1) Guided modes, which are localized in the core layer of PhCSs, i.e. extended in the horizontal plane within the core but exponentially decaying in both cladding sides. The guided modes benefit the guiding of light in a photonic crystal waveguide (PhCW) via line defects [4] . For a symmetric PhCS, the guided modes can be classified into even and odd modes with respect to the symmetric plane bisecting the structure, i.e. TE and TM modes, considering the strong similarities between even/odd and fundamental TE/TM modes in the corresponding untextured slab respectively, regarding the band structure [4] . Meanwhile, for an asymmetric PhCS, on the other hand, the classification is invalid, especially for the PhCS with a deeply patterned lattice, due to the lack of reflection symmetry. (2) Leaky modes, which are leaky from the core layer in the form of radiation losses [5] , which are harmful for guiding light in PhCW. In addition, the radiation losses can generally be classified into two kinds: intrinsic and nonintrinsic losses [6] . The nonintrinsic losses are arise from coupling losses caused by modes mismatch between the incident pulse and the eigenmodes, as well as imperfect fabrication of the PhCSs. However, the intrinsic losses are due to the intrinsic leaky modes. So far, there are two methods for decreasing the radiation losses caused by leaky modes:
(1) symmetric free-standing PhCSs with high dielectric constant contrast [5] ; (2) symmetric or asymmetric semiconductor PhCSs with relatively low dielectric constant contrast [6] .
The high index contrast of the former enhances the confinement of the guided modes within the core layer more strongly, compared with low-index-contrast PhCSs, but, when guiding light through discontinuities, the latter exhibits less loss. Additionally, fabrication of the former might be not easy, and therefore it will not be widely used in real applications in integrated optics and optoelectronics; the latter, on the contrary, can be fabricated conveniently by etching holes in a step-index planar waveguide. In this paper, we focus on the latter PhCSs and study their intrinsic leaky modes; furthermore, some nontrivial effects, e.g. polarization conversion, caused by leaky modes are discussed in detail as well.
The PhCSs are patterned deeply with triangle-lattice holes, as shown in figure 1 . This configuration, compared with shallow-patterned PhCSs, benefits the mode confinement in the core layer [7] . The so-called scattering-matrix method [8, 9] , which is a generalization of the transfer-matrix method, is an ideal tool for dealing with patterned PhCSs with arbitrary thickness, and we use it to calculate the reflectance of PhCSs, from which the leaky band modes are subsequently obtained.
Brief description of the numerical method
In the standard plane-wave expansion method for calculating the band structure of an ideal two-dimensional (2D) PhCs, the dimension in the z direction is infinite, so ∂/∂z = 0. The Maxwell equations can therefore be decoupled into TE and TM equation groups, and the eigen-equations for them can be obtained by expanding the field and dielectric distribution using Fourier analysis. However, due to the vertical confinement of PhCSs, the separation of the Maxwell equations is invalid, and the expansion series of the field is z-dependent. In the scattering-matrix method, the eigenequations for different layers are solved respectively to obtain the vertical wavevectors, and then the forward and backward amplitudes are obtained using the scattering matrices. The detailed procedure can be found in [8] . The major iteration equations are listed as follows:
with S(0, 0) = 1. From this starting point, the overall scattering matrix, i.e. S(0, N ), that relates the incident and transmitted amplitudes of layer l = 0 and layer l = N , is subsequently obtained using this iterated procedure. In formula (1), the inverse of the F l matrix, which is related to evanescent waves propagating in the lth layer, is not necessary, thus the numerical overflow caused by evanescent waves in the traditional transfer-matrix method is avoided. In this paper, the reflective spectrum is the primary concern, which is described
With the knowledge of {a n } and {b n }, the field distribution in the horizontal plane and the values of reflectivity and transmittivity can therefore be obtained.
Numerical results and discussions
Using the scattering-matrix method mentioned above, the reflective spectra from the structures can be calculated. It has been shown that using 121 expansion series is good enough for the purpose of numerical convergence [8] . However, the calculated results are found to be in bad agreement with experiments when the incident energies are close to the band gap energies of the waveguide materials [10] . For the shallow-patterned PhCS case [11] , the background Fabry-Perot fringes in reflective spectra would be unchanged in the absence of the patterned lattice, and the shallowly periodic scatters lead to folding of the waveguide dispersion curves, lifting the degeneracies and flattening bands at the high symmetric points [9, 11] . For cases considered in this paper, however, the characteristics of the reflective spectra and band structures would be different compared with the shallowpatterned cases, due to the strong periodic scattering caused by the deeply patterned periodic holes.
In figure 2 , we used the scattering-matrix method to calculate the reflective spectrum from a PhCS, and the reflective spectrum from its corresponding multilayered planar waveguide is obtained using the standard transfer-matrix method. The following structural parameters of the PhCS are used in the simulations:
(1) the dielectric constant and thickness are = 11.56 and (a) (2) the penetrated triangle lattice has a lattice constant of a = 360 nm, and an air-filling factor of f = 25.3%
, where r is the radius of the penetrated holes.
The incidence is TM-polarized at an incident angle of 5
• . The calculated reflective spectrum is shown as a solid line in figure 2 , and we found that the reflective spectrum is characterized by sharp resonant points located in the background of a smooth Fabry-Perot fringe arising from the multiple reflections between the multilayered planar waveguides. For the case of the corresponding multilayered planar waveguide, the layers' dielectric constants are averaged with the air-filling fraction for the patterned layers, and the calculated reflective spectrum is shown in figure 2 as a dotted line. Comparing these two lines, we found that two sharp points appear in the spectrum of the PhCS. It has been found that the sharp resonant points are due to coupling of the incident photons to the intrinsic eigen-modes [5, 12] , which are termed waveguide-photonic lattice band (WPLB) modes. Besides, the resonant points are affected by the penetration depth and profiles of the holes, and deeper holes in the cladding layer result in increasing confinement of the intrinsic guided modes [7] .
The resonant coupling to the photonic bands requires that
where k (k = (ω/c) sin θ) is the in-plane component of the incident wavevector, K is the reciprocal vector, β is the wavevector of the WPLB state, and m and n are arbitrary numbers. Thus, the leaky part of WPLB can be plotted using a procedure that first varies the incident angles, then picks the sharp resonant points in the corresponding reflective spectra, and finally decides the dispersion relation between the in-plane wave vector components and the corresponding energies. This method, i.e. the variable-angle reflectance method (VAR), which is also termed the surface-coupling technique, was first introduced in obtaining band structures of photonic lattices by Astratov [13] and proved to be effective [10, 12, 14] . However, sometimes some bands do not lead to resonances in the reflection and transmission spectra due to restrictions of symmetry [15] . Two types of PhCS are studied in the following, and the dielectric constant of the cladding layer of case 1 is lower than that of case 2. The substrate for these two types is GaAs. By using the VAR method, the bands of these two cases are obtained and studied. Moreover, a polarization conversion phenomenon is also found and studied.
GaAs core layer with air cladding on the top and Al x O y on the bottom
The structural parameters of case 1 used in the simulations are those mentioned above. In figure 3(a) , we present the calculated incident-angle dependence of reflective spectra for TE-polarized incidences. The energies of the incidences are limited to 1.2 to 1.5 eV. The inset herein provides the detailed variation in the dotted region. The angle spacing of the inset is 2
• , the chosen range is from 25 to 40
• , and the range of the incident energies is from 1.3 to 1.4 eV. As mentioned above, the resonant points in the reflectance are due to mode matching, and the bands of the leaky WPLB modes can therefore be obtained by using the VAR method, and are presented in figure 3(b) . The bands of the leaky modes therein correspond to the α, β, γ , ρ resonant curves in figure 3(a) , respectively. The dotted lines in figure 3(b) are bands of TE modes of an ideal 2D hexagonal photonic lattice, which is produced by extending the vertical length of the core layer to infinity, and the bands are obtained by the standard plane-wave expansion method. Because of the vertical confinement of the core layer, the bands of the leaky WPLB modes are blue-shifted compared to the ideal 2D hexagonal photonic lattice. Furthermore, two anticrossings appear near 1.35 and 1.433 eV, which are shown in the inset of figure 3(a) as well. Figure 3(c) is the calculated azimuth-angle dependence of TE-polarized reflective spectra for TE-polarized incidence, and the incident angle is fixed at θ = 50
• . Figure 3(d) shows the calculated azimuth-angle dependence of polarization conversion efficiency η(E)(η(E) = TM out /TE in ). The range of the azimuth angles is chosen to be from 5 to 60
• due to the sixfold rotational symmetry of the triangle lattice. We found that the resonant points in figure 3(c) , which are dips and due to the coupling of the incident photons to the intrinsic WPLB modes, are arranged with an identical pattern to those in figure 3(d) , which, however, corresponds to peaks. Thus, the resonant points in the η(E) curves in figure 3(d) , which are produced by dominant TE components via the mechanism of polarization conversion, are ascribed to the above-mentioned coupling effects as well. In addition, the insight obtained for θ = 50
• in figure 3 can also be obtained for other arbitrary incident angles.
GaAs core layer with air cladding on the top and Ga 20 Al 80 As on the bottom
In the second case, the structure is identical to that in case 1, except that the dielectric constant of the Ga 20 Al 80 As cladding layer is = 9.634. In figure 4(a) , we present the calculated incident-angle dependence of reflective spectra for TE-polarized incidences. The energies of the incidences are limited to 1.2 to 1.5 eV. The inset herein provides the detailed variation in the dotted region. The angle spacing of the inset is 1
• , the chosen range is from 20
• to 35
• , and the range of incident energies is from 1.35 to 1.45 eV. Resonant lines γ and ρ meet in this region and form a peak-like line. Figure 4(b) shows the deduced bands using the VAR method.
Discussions
The blue-shift compared with the perfect 2D PhC can be understood by the fact that the fields prefer to lie in the region with higher dielectric constant so as to minimize the variational equation of the eigen-frequency [16] . For the PhCS structure, the fields that spread into the cladding layers with lower dielectric constants would lead to higher corresponding frequencies compared with the perfect 2D PhC.
Furthermore, in case 1, due to the vertical confinement, band γ appears, which is absent in the perfect 2D PhC, and anticrossings appear for both cases, which are absent in bands of the corresponding perfect 2D PhC as well. In case 2, band β is the additional band. The calculated bands using the VAR method prove that the WPLB structures have been modulated so much that the description of WPLBs based on a perfect 2D PhC is not appropriate, although the α, β and ρ bands can be compared somewhat with the 2nd, 3rd and 4th bands of the corresponding perfect 2D PhC, shown in figures 3(b) and 4(b). Also, the index contrast of the core and cladding layers strongly affects the bands of the PhCS.
As mentioned above, we cannot decouple the Maxwell equations into TE and TM groups in these cases due to the vertical confinement of the PhCSs. It has been found that polarization conversion is strong in a one-dimensional (1D) Figure 5 . This structure contains mirror symmetry, which is also the incident plane. The P arrow indicates the p-polarized incidence, and the S arrow indicates the s-polarized incidence. lattice PhCS, especially for incidence at an azimuth angle φ = 45
• [17] , and has potential applications in realizing optical multi-refringence [18] . We have calculated the maximum polarization conversion efficiencies η(E) for incidence with an energy from 1.2 to 1.5 eV at different azimuth angles and found that polarization conversion is forbidden for incidences along the directions possessing reflection symmetry (φ = 0, 30, 60 and 90
• , etc), which can be seen in figure 3(d) as well. From the detailed procedure of the scattering-matrix method in [8] , it is revealed that the reflective spectra are obtained by determining the amplitude of the zeroth-order Fourier component of the reflective field, which is excited by the first-order eigenmode components scattered by the first-order Fourier component of the periodic dielectric structure. Preservation of the polarization can be understood on the basis of symmetry analysis to the polarization, as shown in figure 5 . As we know, the field distribution with respect to the mirror plane can be classified into even and odd modes, which is due to the reflection symmetry [4] . Moreover, the reflection symmetry requires that the polarization of the fields should be symmetric with respect to the mirror as well. Therefore, when incidence is along the directions possessing reflection symmetry, which is shown as a mirror in figure 5 , the polarization of the fields distributed on the incident planes can be classified into either s-(S arrow) or p-polarized (P arrow), or the polarizations would not be symmetric with respect to the mirror. Therefore, for the s-polarized incidence, the reflectance would contain only s-polarized components, since the involvement of p-polarized components would produce a total polarization different from both s-and p-polarizations. Polarization conversion is accordingly forbidden in such an incidence situation. The preservation of polarization in the case of the p-polarized incidences along directions possessing reflection symmetry can be understood as well. The preservation of the polarization that can be utilized to label the polarization of the photonic band obtained by the VAR method, i.e. the bands obtained by s-or p-polarized incidences along directions possessing reflection symmetry, can be labelled as a unique polarization, s-or p-mode, respectively. However, when the incident plane is not along the directions possessing reflection symmetry, the restrictions of the symmetry operations are relaxed, so the zeroth-order reflective component would possess different polarization from that of the incident wave.
Conclusion
We herein present detailed studies on the reflective spectra of PhCS with a deeply patterned lattice. The scattering-matrix method is used to obtain the reflective spectra and polarization conversion efficiencies of PhCS. The so-called VAR method is performed to obtain the photonic band structure of PhCSs. The polarization conversion of TE/TM is weak in this structure and, for light incident in the direction possessing reflection symmetry, there are absolutely no polarization conversion phenomena. The mechanism of this can be understood by the fact that reflection symmetry requires that the polarizations of the fields should be symmetric with respect to the mirror as well. We study the azimuth-angle dependence of the reflective spectra, and demonstrate that the resonant points are due to phase matching effects.
